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Superradiance (SR) is a cooperative phe-
nomenon which occurs when N quantum emit-
ters couple collectively to a mode of the electro-
magnetic field as a single, massive dipole moment
that radiates photons at an enhanced rate. The
conditions required for SR arise from the indis-
tinguishability of the emitters with respect to the
field mode. As set forth by Dicke in his sem-
inal 1954 paper [1], spatial indistinguishability
occurs when the emitters are confined to a vol-
ume much smaller than the scale set by the wave-
length of the emitters’ optical transition, V  λ3.
Additionally, the emitters must be spectrally in-
distinguishable, which complicates the study of
SR in a solid-state setting due to large inhomo-
geneous broadenings and unavoidable dephasing.
Previous studies on solid-state systems either re-
ported SR only close to liquid-helium tempera-
tures, and/or from sizeable crystals with at least
one spatial dimension much larger than the wave-
length of the light [2]. Here, we report observa-
tions of room-temperature SR from single, highly
luminescent diamond nanocrystals with spatial
dimensions much smaller than the wavelength of
light, and each containing a large number (∼ 103)
of embedded nitrogen-vacancy (NV) centres. Af-
ter excitation of the nanodiamonds (NDs) with
an off-resonant, green laser pulse, we observe i)
ultrafast radiative lifetimes (LTs) down to ∼ 1 ns,
and ii) super-Poissonian photon bunching in the
autocorrelation function of the light emitted from
the fastest NDs. We explain our findings with
a detailed theoretical model based on collective
Dicke states and well-known properties of NV
centres. Using a minimal set of fit parameters,
the model captures both the wide range of dif-
ferent LTs and the nontrivial photon correlations
found in the experiments. The results pave the
way towards a systematic study of SR in a well
controlled, solid-state quantum system at room
temperature. Ultimately, quantum engineering
of SR in diamond has the potential for advancing
applications in quantum sensing, energy harvest-
ing, and efficient photon detection [3].
∗These authors contributed equally to this work.
The occurrence of SR, or cooperative emission, in an
ensemble of identical emitters indicates the build-up of
large-scale coherence between individual dipoles. Due to
the many available pathways for photon emission from
a system of N indistinguishable initially excited emit-
ters, the de-excitation process itself leads to the forma-
tion of highly entangled symmetric superposition states,
so-called Dicke states. Dicke described the system of N
dipoles (or two-level emitters) using collective pseudospin
operators with total spin J = N/2 and projectionM , cor-
responding to J +M excitations. He calculated the fluo-
rescence rate γJ,M = γ(J(J+1)−M(M−1)) with γ being
the single-dipole emission rate. As the system cascades
down the Dicke ladder of states, the photon emission rate
scales at maximum as N2, an enhancement by a factor
N over N independent dipoles, hence the name super-
radiance. Observed initially in well-isolated, controlled
laboratory settings [4], SR has over time found appli-
cations in a variety of fields. For instance, it has been
evoked as an underlying mechanism for exciton delocali-
sation in light-harvesting complexes [5]. In astrophysics,
SR is predicted to occur in the vicinity of black holes [6],
and in the field of precision metrology, a novel superra-
diant laser source was realised promising unprecedented
narrow linewidths [7]. Further, the presence of highly
entangled multi-particle states is an attractive prospect
for quantum metrology [8]. Generally, Dicke states (or
more precisely the J-subspaces) are immune to certain
types of environmental noise that affect all emitters in the
same way and cannot resolve individual dipoles [9]. In a
solid-state setting, this includes global dephasing due to
long-wavelength phonon modes. However, local dephas-
ing mechanisms, such as coupling to short-wavelength
phonons and coupling to electric fields arising from ion-
ization or other local defects, can have a detrimental ef-
fect on the cooperative behaviour of a system. Indeed,
it is the simultaneous requirement of high spin density
and low local decoherence that has made SR challenging
to observe at room temperature in solid-state or atomic
systems.
The NV centre (Figure 1a) is an extrinsic diamond
defect where two adjacent carbon atoms in the lattice
are replaced by a substitutional nitrogen atom and a va-
cancy [10]. Its most stable form, the negatively charged
NV−, displays triplet electronic ground (3A2) and opti-
cally excited (3E) states, and intermediate singlet states
(1A1 and
1E). The separation in energy (1.945 eV) be-
tween the ground and the excited states (3A – 3E) cor-
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2FIG. 1: Superradiance from nanodiamonds with many
NV centres | a) Graphic representation of cooperatively in-
teracting NV centres emitting a superradiant burst from a
nanoscale diamond crystal. The zoom-in shows the under-
lying crystalline structure around a single NV centre, with
the substitutional nitrogen atom indicated in green and the
vacancy in white. It also displays the level structure of a sin-
gle NV centre [10] and the corresponding fluorescence spec-
trum. Due to strong vibronic sidebands, only a fraction of
photons is emitted into the ZPL at 637 nm. b) Measured
normalised fluorescence decay curves for five different NDs,
with LTs ranging from the usual few tens of nanoseconds for
a single NV centre in a ND (red trace), to LTs around 1 ns
for high-density NV NDs (green trace, ND #4). c) Illustra-
tion of the Dicke ladder of states: Collective optical decay
couples descending states within each pseudospin J-subspace
at a characteristic rate γJ,M . Local dephasing, at rate γd, de-
couples individual spins from the collective subspace, leaving
the remaining spins in a smaller J-subspace. Thicker/darker
decay lines denote stronger decay rates with maximum decay
near M = 0 states.
responds to a zero phonon line (ZPL) at 637 nm fol-
lowed by characteristic phononic sidebands associated
with local vibrational modes [11]. These local vibrational
modes are due to deformations in the lattice within a few
unit cells of the defect and are characterized by ultra-
fast femto/picosecond, non-radiative relaxation. Previ-
ous work [12] suggested that these local modes decay into
global, long-wavelength, acoustic phonon modes which
exhibit decay on a much longer timescale of a few tens
of picoseconds, which in turn is still much shorter than
any optical rate in the system. The decay of local into
global phonons erases any information that the local en-
vironment would have gained and therefore ultimately
preserves the coherence amongst the emitters and en-
ables the subsequent superradiant photon emission (cf.
Supplementary Information).
From an experimental point of view, the most salient
feature of SR is accelerated optical emission, whose inten-
sity burst can scale faster than linearly with the number
of emitters. To investigate this phenomenon, we mea-
sured fluorescence decay of 100 separate NDs hosting a
high density of NV centres (∼3 × 106 NV centres per
µm3, see Materials and Methods) and compared the de-
cay curves against our theoretical model (see below).
In addition, we measured brightness and size for the
100 NDs, and performed saturation-intensity and size-
reduction measurements. Figure 1d shows a subset of NV
decay curves representative of NDs of different size and
brightness. The red curve is the decay curve for a single
NV centre used for reference. For some of the recorded
fluorescence curves we observed LTs around 1 ns or even
below, never reported before for NV centres (e.g. Fig. 1c,
ND#4). Note that the 1/e-LTs were extracted by fitting
a standard exponential decay to the first nanosecond of
the decay curve.
The theoretical model used to fit the LT curves is
described in detail in the Supplementary Information.
Briefly, we assume a collection of individual spectral
domains (most likely corresponding to spatial domains
within the nanocrystal), each containing a different num-
ber of NV centres that initially act collectively. The
ms = 0 and ms = ±1 populations are treated as two
separate collections of domains. The inter-system cross-
ing mixes the spin state populations, but this process is
non-radiative and serves only to decrease the overall col-
lective radiation. The collective behaviour breaks down
over time due to local dephasing, projecting the collec-
tive centres partially into a lower dimensional collective
subspace and partially into the non-collective space that
undergoes standard exponential decay.
The inputs to the model are: i) the number N of
NV centres in each domain, ii) the initial state of each
domain, iii) the underlying bright (radiative) and dark
(non-radiative) decay rates, as well as iv) the local de-
phasing rates for the ms = 0 and ms = ±1 popula-
tions. The dark decay rates are not well known; we take
the best estimates from [10] and use 2pi × 1.8 MHz and
2pi× 9.4 MHz for the ms = 0 and ms = ±1 rates, respec-
tively. The bright decay rates are heavily influenced by
the size and geometry of each individual ND, meaning we
cannot simply use bulk rates. To obtain the bright rate
for each ND we perform an exponential fit on the long-
term tail of the LT curve, well after the collective pro-
cesses have ended, including the dark decay rates. This
leaves the local dephasing rates, the number of centres in
each domain, and the initial state of the collective space
as free parameters in the model. To further constrain the
model, we assume that the distribution of the number of
NV centres is Gaussian across the domains and that the
initial state consists of having each M -level in the sym-
metric Dicke ladder equally populated (Figure 1d). This
initial state assumption is not critical, as different distri-
butions across the M -levels can provide equally good fits
by making small changes to the mean of the Gaussian
number distribution.
With these assumptions, we find an excellent agree-
3FIG. 2: Fluorescence decay curves and correspond-
ing fits for four different NDs | The four graphs display
measured fluorescence decay curves [blue] with corresponding
fits [red] obtained from our model (see main text), showing
excellent agreement. Note that the curves are normalized
to their respective maximum. The different NDs exhibit in-
creasingly faster photo-emission, with corresponding LTs of
{25, 3.6, 2.2, 1.1} ns for ND#1–4. The shorter LTs correspond
to larger collective domain sizes of N = {2, 7, 10, 50}, respec-
tively. For a quantitative comparison see the Supplementary
Information.
ment between the fits from our model and the LT curves
of each of the 100 NDs we characterized (see Supple-
mentary Information). Figure 2 shows the fits for four
NDs (ND#1–4) representative of four distinct typical de-
cay rates, each corresponding to a different collective-
domain size with faster decay indicating larger domain
size. The local dephasing rates extracted from the fits
were largely consistent across all the NDs and varied be-
tween γ0d/2pi ∼ 20–40 MHz and γ±1d /2pi ∼ 300–450 MHz
for the ms = 0 and ±1 domains, respectively. We at-
tribute the roughly ten times higher dephasing rates for
the ms = ±1 states to inhomogeneous electric fields
throughout the crystal (see Supplementary Information).
The fits also allow for the extraction of the initial NV
spin polarization, i.e. the fraction of spins initially in
the ms = 0 state. This ratio varied in the range ∼50–
60% across the investigated NDs and is in line with pre-
vious measurements of spin-polarization in high-density
NV samples [13, 14].
For the majority of the NDs, we found a typical co-
operative domain size of N ∼1–2, indicating absent or
very little collective behaviour. However, the faster de-
caying diamonds (e.g. ND#2–4) were accurately fitted
by using a higher mean number of centres acting collec-
tively (N ∼10–50), as shown in Figure 3a–d. We at-
tribute the lack of collective behaviour in the majority of
our NDs to the material preparation method (see Materi-
als and Methods), with the high-dose proton irradiation
process followed by annealing yielding a high degree of
spatial and spectral distinguishability amongst NV cen-
tres within the same ND host. However, stochastic vari-
ation gives rise to the existence of a few NDs exhibiting
domains with large numbers of spatially and spectrally
identical NV centres which do act cooperatively.
It should be noted that previous studies reported a
decrease in the LT of NVs for centres produced via low-
energy He-ion irradiation, with the decay time decreas-
ing for increasing ion doses. This effect has been at-
tributed to increased damage in the crystal lattice which
provides nonradiative decay paths with faster dynamics
[15, 16]. This is however inconsistent with our obser-
vations where we found that higher peak fluorescence
correlated to faster decay rates (see Supplementary In-
formation) – the exact opposite of what would be ex-
pected if the shortening of the LTs was indeed due to
non-radiative, dark pathways. In order to test quanti-
tatively against other possible explanations for the ob-
served fast decay dynamics, we also attempted to fit the
observed lifetimes with both a bi-exponential and a de-
formed exponential [17] lifetime curve both of which gave
clearly worse results.
To collect further experimental evidence for the va-
lidity of our theoretical model, we performed autocor-
relation measurements (cf. Materials and Methods) by
means of a Hanbury-Brown and Twiss interferometer
(Fig. 3a) [18]. To ensure spectral indistinguishabil-
ity of the photons we only analyzed the light from a
narrow emission band around the ZPL (compare Figure
1a). The measured time-integrated autocorrelation func-
tion g(2)(τ) revealed photon bunching for zero time-delay
(τ → 0) for the fast-decaying ND NV centres, indicat-
ing super-Poissonian statistics. We measured values of
g(2)(0) > 1, and as high as 1.14± 0.02 (Fig. 3b–e). Note
that g(2)(0) corresponds to the usually quoted g(2)(0).
The value of g(2)(0) is dependent on the initial state of the
system, which in turn is determined by the preparation
process. The type of super-Poissonian photon statistics
we obtained is consistent with the assumed initial state in
our model (details see Supplementary Information). Fig-
ure 3e shows the measured value of g(2)(0) for the same
four representative NDs (ND#1–4) already analysed in
Figure 2, plotted against the corresponding number N
of NV centres acting cooperatively as predicted by our
theoretical model; the continuous line shows the upper
limit of our theoretical prediction for perfect autocorre-
lation measurements. The good agreement between the-
ory and experiment supports our theoretical model and
complements the LT data. Together, they unambigu-
ously demonstrate the underlying cooperative nature of
fluorescence decay of the fastest NDs in our sample.
Our observation of SR in a true nanoscale, room-
temperature solid-state system paves the way for a wealth
of novel research directions. Immediate subsequent ex-
perimental steps include low-temperature studies for ob-
taining spectral information, and accessing spatial infor-
mation through e.g super-resolution techniques such as
4FIG. 3: Autocorrelation measurements | a) Schematic
representation of the Hanbury-Brown and Twiss interferome-
ter. b) Normalized coincidences for ND#4. c) Time-slicing
employed to evaluate g(2)(τ) in (d). d) Measured time-
integrated autocorrelation function g(2)(τ), which approaches
g(2)(0) as τ → 0. For ND#4, g(2)(0) crests at 1.14±0.02 for a
time-slice width of 0.5 ns; it drops considerably as the width
increases above 2 − 3 ns (after which the SR burst has ex-
hausted) to then converge to Poissonian/random photoemis-
sion g(2)(0)∼1 expected from many NV centres at long times.
Error bars are determined from the standard deviation of the
area under the peaks, for each set of time slices, excluding
the ’0’ peak. e) Measured maximum value of g(2)(0) for
ND#1–4, and corresponding theoretically estimated number
N of NV centres acting cooperatively to produce such value
of g(2)(0) using the initial state assumed by our model. The
continuous line [red] sets the upper limit of our theoretical
prediction.
stimulated emission depletion (STED) spectroscopy [19].
An obvious extension of our theoretical model incorpo-
rates the effect of dipole-dipole interactions which are ex-
pected to partially break the cooperativity amongst NV
centres [20] but at the same time could allow for super-
absorption [3]. In addition, the NDs studied here are a
novel system for exploring cooperative atomic forces in
the context of optically trapped nanoparticles [21]. Al-
ternative diamond colour centres, such as silicon-vacancy
centres [22, 23], exhibit a much smaller spread in tran-
sition frequencies and much-reduced phononic sidebands
– both indicate the potential for greater SR compared to
NV centres. Incorporating colour centres in diamond into
microscopic optical cavities [24] might allow for the obser-
vation of a solid-state analogue of the Dicke phase transi-
tion previously observed with cold atoms [25]. Finally we
point out that deterministic implantation techniques [26]
and sophisticated material engineering in diamond could
enable the controlled creation of mesoscopic ensembles
of colour centres in a given spatial arrangement and with
appropriately engineered photonic [27] and phononic en-
vironments [28]. Colour centres in diamond, and more
specifically the NV centre, might therefore serve as a
novel versatile testbed for simulating different regimes
of SR over a wide parameter range not easily accessible
in other systems.
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Methods
a. Nanodiamond sample The NDs used in this ex-
periment are synthetic type Ib powders. The ND pow-
der as received (MSY ≤0.1 µm; Microdiamant) was used
as the control sample to determine the average base-
line value for the LT of single NV centres. Superradi-
ance was investigated by using a second diamond powder
which had been further treated to increase the concen-
tration of NV centres. The NDs were purified by nitra-
tion in concentrated sulphuric and nitric acid (H2SO4-
HNO3), rinsed in deionized water, irradiated by a 3-
MeV proton beam at a dose of (1×106 ions per cm2
and annealed in vacuum at 700 ◦C for 2 hours to induce
the formation of NV centres (Academia Sinica, Taipei
Taiwan [29]). Both the as received and the irradiated
NDs were characterized by means of a lab-built confocal
scanning fluorescence microscope combined with a com-
mercial atomic force microscope (AFM), described else-
where [30]. For characterization, the diamond nanocrys-
tals were dispersed on a 170-µm thick BK7 glass cover-
slips (BB022022A1; Menzel-Glaser) which had been pre-
viously sonicated and rinsed in acetone (C3H6O, purity
≥99.5%; Sigma-Aldrich) for 10 min. The spectral inter-
rogation of the NDs to identify emission from NV cen-
tres was performed via a commercial spectrometer (Ac-
ton 2500i, Camera Pixis100 model 7515-0001; Prince-
ton Instruments). The size of each individual ND was
measured using a commercial atomic force microscope
(Ntegra; MT-NDT); the value for the average ND size
is (110 ± 30) nm. While for the as received sample the
concentration of NV centres is extremely low (at most a
few NVs per nanocrystals), for the irradiated one we es-
timate a concentration of ∼3×106 NV centres per µm3.
This was determined by correlating for nanocrystals of
different sizes the average fluorescence intensity mea-
sured for each ND with its volume, and cross-checking
this ratio with the one given by the sample provider [29].
b. Measurements Lifetime measurements were per-
formed under off-resonant laser excitation (λ = 532 nm),
5for which we employed a pulsed laser source (LDH-P-FA-
530; PicoQuant) with the repetition rate set at either 5
or 20 MHz. Emission from the NV centres was filtered
either via a long-pass filter (FEL0650, FEL0700; Thor-
labs) or via a spectrometer (SpectraPro Monochroma-
tor Acton SP2500, dispersion 6.5 nm/mm at 435.8 nm;
Princeton Instruments) used as a monochromator and
centred around the NVs’ ZPL. The emitted photons were
detected using an ID Quantique id100-20-ULN single-
photon avalanche photodiode (APD). In order to achieve
higher quantum efficiency, photon-coincidence measure-
ments were performed using a set of two Perkin Elmer
SPCM-AQR-14 APDs instead. They were arranged in
a Hanbury-Brown and Twiss interferometer configura-
tion (Fig. 3a) in order to determine the second-order
correlation function g(2)(τ). For pulsed excitation, we
measured the time-integrated autocorrelation function,
g(2)(τ) ≡ ∫ τ−τ dt〈: I(0)I(t) :〉/ ∫ τ−τ dt〈I(0)〉〈I(t)〉, where
〈I(t)〉 is the luminescence signal intensity. This is eval-
uated by normalizing the photon coincidences of the ’0’
peak against the other peaks, for time slices of increas-
ing duration. As τ → 0, g(2)(τ) approaches the standard
autocorrelation function g(2)(0), which was measured to
identify single NV centres in the control ND sample dis-
playing the characteristic photon anti-bunching dip sig-
nifying sub-Poissonian count statistics. On the other
hand, superradiant NDs revealed super-Poissonian statis-
tics characterized by photon bunching with a correspond-
ing g(2)(0) ≥ 1 and up to 1.14±0.02, (cf. main text, Fig.
3b–d).
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I. THEORETICAL MODEL AND FITTING
In our model, each NV centre is treated as shown in
Figure 4. A green 532nm laser excites the system into
one of several vibronic levels of the excited electronic
state. Within a few tens of picoseconds the system re-
laxes down to the vibronic ground state of the excited
electronic state. From here the centre can decay electro-
magnetically to the various phononic states of the elec-
tronic ground state. As we are working at room tem-
perature, we expect about 3% of the decay goes to the
phononic ground state, i.e. the zero phonon line (ZPL),
and 97% of the decay goes into the various excited vi-
bronic sidebands [31].
The electronic excited state can also decay via dark,
i.e. not mediated by the electromagnetic field, decay to
the 1A1 manifold, where it eventually relaxes back to the
electronic ground state over a time ∼ 100 ns. These so
called intersystem crossing (ISC) rates, γISCσ , depend on
the spin state σ and while they are not directly observed,
they can be determined from measured decay rates ac-
cording to the formula [10]:
T±1
T0
=
1 + f0
1 + f1
,
where Tσ is the total lifetime for excited state with spin
projection m ≡ σ, |eσ〉 ≡ |3E, σ〉, and fσ = γISCσ /γ where
γ is the spin independent radiative decay rate [32]. The
optical decay rate for bulk diamond is γ = 2pi×12.2 MHz
[33] and from experiments in bulk diamond at room tem-
perature [32, 34] the ISC rates are γISC±1 = 2pi × 9.4 MHz
and γISC0 = 2pi × 1.8 MHz. The ISC rates have not been
measured in nanodiamond but in our model we assume
the same values as in bulk.
We treat the ensemble of NV centres in each nanodia-
mond as one that can be divided into domains of various
sizes. Within each domain k there are Nk centres that
act collectively for some time after their initial excita-
tion. We assume the electromagnetic decay from the 3E
manifold to the 3A2 is collective, but the ISC decay is
not. Each centre acts as a quantum mechanical spin and
we label the relevant ground and excited states that par-
ticipates in the spin dynamics as
|eσ〉 ≡ |3E, σ〉, |gσ〉 ≡ |3A, σ〉,
where σ is the electron spin projection. To describe the
collective behaviour within a domain we introduce the
collective spin vector operators
~ˆS(σ) =
N∑
j=1
~ˆs
(σ)
j , (1)
where ~ˆs
(σ)
j is the single NV centre spin operator with spin
polarization σ at site i in a domain with N collective NV
m = ±1
m = 0
1A1
3E
3A2
γISC0γ
γ ISC
±1
m = 0
m = ±1
FIG. 4: NV centre level scheme used by the theoretical
model, with solid lines depicting electromagnetic transitions
and dashed lines show phononic transitions. Population in the
ground state manifold (3A2) is off-resonantly excited (green
arrow) to a variety of excited states, which then relax down
to the excited 3E manifold over a few tens of picoseconds.
Initially this excited population consists entirely of domains
that act collectively, but over time local dephasing can move
portions of the collective populations into excited, but non-
collective states. Population in the 3E manifold undergoes
collective and non-collective electromagnetic decay to various
phononic sidebands of the electronic ground state (3A2). The
excited manifold can also relax phononically to the 1A1 man-
ifold via the inter-system crossing rate. As the experimental
detection system filters out the ZPL, only photons that decay
to the excited phononic sidebands of the electronic ground
state are seen seen. Excitation and decays preserve the spin
project quantum number m ≡ σ, so population in the m = 0
and m = ±1 levels are treated independently and their fluo-
rescence added to produce the final result.
centres. Specifically, ~ˆs
(σ)
j = sˆ
(σ)x
j xˆ+sˆ
(σ)y
j yˆ+sˆ
(σ)z
j zˆ, where
sˆ
(σ)x
j = (sˆ
(σ)+
j + sˆ
(σ)−
j )/2, sˆ
(σ)y
j = (s
(σ)+
j − s(σ)−j )/2i with
the raising and lowering operators given by
sˆ
(σ)+
j = |eσ〉〈gσ| = (sˆ(σ)−j )†,
and the zˆ component sˆ
(σ)z
i = (|eσ〉〈eσ| − |gσ〉〈gσ|)/2. We
will make use of the collective spin components
Sˆ(σ)± =
N∑
j=1
sˆ
(σ)±
j , Sˆ
(σ)z =
N∑
j=1
sˆ
(σ)z
j . (2)
in the description of the dynamics.
Because the transitions considered here are to a very
good approximation spin conserving, the dynamics oc-
curs in independent subspaces labelled by the spin pro-
jection σ. Hence we solve for the dynamics of the joint
state ρˆ(σ) within each subspace and then average based
on the initial polarization of the spins. We can write
the Louivillian due purely to collective decay within each
spin subspace as (henceforth we set ~ ≡ 1)
dρˆ(σ)
dt
= L[ρˆ(σ)], (3)
where
L[ρˆ(σ)] = γ
[
2Sˆ(σ)−ρˆ(σ)Sˆ(σ)+ − {Sˆ(σ)+Sˆ(σ)−, ρˆ(σ)}
]
.
8For nanodiamonds the optical decay rate γ can be con-
siderably slower than in bulk. This rate reduction is
due the reduced size affecting the density of states as
well as a number of other factors such as surface ef-
fects. In our samples the optical decay rate ranged from
γ ∼ 2pi × 3.2 MHz – 2pi × 12.7 MHz. In the real en-
vironment of NV centres there are other processes not
captured by collective decay which must be included in
the model and which we describe below.
We denote the maximal spin of the collective ensemble
by J , with Sˆ(σ)2 = J(J + 1). As each individual NV
centre is a spin-1/2 system, we have J = N/2 where N
is the total number of collective centres in our domain.
We label the eigenstates of the collective spin operator
Sˆ(σ)z by the eigenvalues M ∈ {−J,−J + 1 . . . J − 1, J}.
The maximal spin (or collective state) |J,M, σ〉 can be
written as
|J,M, σ〉 =
√
(J +M)!(J −M)!
(2J)!
∑
perm
| eσ . . . eσ︸ ︷︷ ︸
J+M
gσ . . . gσ︸ ︷︷ ︸
J−M
〉,
(4)
where the sum is over all permutations of the N spins.
In the following we will treat the σ = ±1 states as
indistinguishable as, at high temperature, the spin or-
bit coupling in the excited state does not couple them
so they are degenerate and couple equally to the envi-
ronment [10]. This means that we can have Dicke states
|J,M, σ±1〉 as in Eq. (4) where the permutation does not
distinguish between spin projection +1 and −1. Hence-
forth, to simplify notation we use the variable σ to refer
to the absolute value of spin projection: σ = |m|.
The initial state of our system, after excitation of the
laser and after relaxation of excited vibronic states to
the 3E manifold optically excited state, is assumed to be
a mixture over spin ensembles ρˆ(σ)(0), each one being a
mixture over Dicke states, i.e.
ρˆ(σ)(0) =
∑
Nσ
pNσ ρˆ
(σ)
Nσ
(0), (5)
where pNσ is the probability a domain of size Nσ exists
with spin σ. Note
∑
Nσ
pNσ = pσ, i.e. the total fraction
of contributing spins in state σ, and the overall normal-
ization is
∑
σ=0,1 pσ = 1. The collective state is
ρˆ
(σ)
Nσ
(0) =
∑
M
P
(σ)
J=
Nσ
2 ,M
(0)|Nσ2 ,M, σ〉〈Nσ2 ,M, σ|, (6)
i.e. a state diagonal in the maximum angular momentum
subspace. The model was found to fit the fluorescence
data by assuming a maximally mixed state in this sub-
space with occupation probabilities: P
(σ)
Nσ
2 ,M
(0) = 1Nσ+1 .
The justification for this form of the initial state is as fol-
lows. Before the excitation laser is turned on, the state
of the spins within a domain with spin projection σ is
|Ψ〉1 = |J,−J, σ〉. The interaction of the spins with the
laser is symmetric and prepares the coherent superposi-
tion |Ψ〉2 =
∑
M,nν
c
(σ)
M,nν
|J,M, σ, nν〉 where |J,M, σ, nν〉
is a symmetric state like in Eq. (4) but where the excited
state is |eσ,nν 〉 = |3E,nν , σ〉 where nν is the vibrational
quantum number associated with a vibrational mode ν
that the laser most strongly couples to. The coefficients
c
(σ)
M,nν
depend on the Rabi frequency, Franck-Condon fac-
tor, and detuning of the laser. In Ref. [12] it was found
that the vibronic mode frequencies of the spin triplet
states of NV− defect occur in the range 5− 46 THz and
hence are well separated in energy with respect to the
laser coupling. These modes are local to each spin in the
sense that they are associated with deformations in the
lattice within a few unit cells of the defect which leads to
a modification of the elastic moduli. The excited local vi-
bronic states are short lived with lifetimes on the order of
a few picoseconds [12]. The nature of the relaxation is de-
cay via coupling to local environmental modes which are
in turn strongly coupled to long range phonon modes in
the lattice. The combined effect is to erase the informa-
tion about which spin experienced relaxation and hence
the decay process preserves the permutation symmetry of
the collective states so that |J,M, σ, nν〉 → |J,M, σ〉 for
any initially excited vibrational state. During this pro-
cess, there are global dephasing processes due to non en-
ergy exchanging (dispersive) phonon couplings occurring
at room temperature a rate of ∼ 1 THz [35] which will
damp coherences between collective states resulting in di-
agonal states of the form ρ(σ)(0) in Eq. (6). We assume
the exactly evenly mixed state as it fit the experimentally
observed fluorescence data and the g(2)(0) measurements
presented in the main text. Small deviations from this
initial statistical distribution do not significantly change
the results.
In the dynamical evolution, to simplify the model, we
assume that all population resides either within a collec-
tive subspace spanned by the states {|J,M, σ〉} or as in-
dependent spins. We have a series of collective subspaces,
with dimensions 2, 3, . . . , 2J+1 and if a subspace contains
N spins, its quantum number J is given by J = N/2.
Since we are interested in calculating fluorescense rates
we need only track populations in the collective states
P
(σ)
J,M (t) = 〈J,M, σ|ρˆ(σ)(t)|J,M, σ〉 or single spin excited
states, and not coherences between them. Thus we need
only solve rate equations and not the full master equa-
tion for the density matrix. The rate equation including
collective decay only is
dP
(σ)
J,M (t)
dt
= 2γ
[
(J(J + 1)−M(M + 1))P (σ)J,M+1(t)
− (J(J + 1)−M(M − 1))P (σ)J,M (t)
]
.
(7)
This equation assumes that the collective subspace re-
mains intact throughout the entire decay process. More
realistically, there will be local decoherence processes
that remove spins from the subspace. We account for
two such mechanisms. The first is the aforementioned
9intersystem crossing decay at rate γσISC, which acts as
local leakage to project any given spin from the excited
state to the singlet state 1A1 which is dark and does not
contribute to the fluorescence signal. The second is a
local dephasing+projection map which preserves excita-
tion number but can couple a collective state |J,M, σ〉 to
the state |eσ〉j⊗|J−1/2,M−1/2, σ〉 which has one fewer
spin in the collective space and one spin in the excited
state. We describe this as a composite map occuring at
some rate γd involving local spin dephasing followed by
local projection onto the excited state. A local unitary
phase flip on the collective state is 2sˆ
(σ)z
j |J,M〉 and the
overlap with the collective state is
〈J,M, σ|2sˆ(σ)zj |J,M, σ〉 = −M/J. (8)
This means any constituent excited state spin in the state
|J,M, σ〉 becomes decoupled from the collective subspace
at a rate γdσ |M/J |2 and joins the non-collective popula-
tion where it will undergo normal exponential decay. The
subspace itself has lost an atom, and is projected into
another collective subspace of size 2J − 1 at the comple-
mentary rate γdσ(1− |M/J |2).
The rate equation for the subspace with spin angular
momentum J including local decoherence is
d
dtP
(σ)
J,M (t) = γ
[
(J(J + 1)−M(M + 1))P (σ)J,M+1(t)
−(J(J + 1)−M(M − 1))P (σ)J,M (t)
]
−2Jγdσ(1− |M/J |2)P (σ)J,M (t)
+2(J + 12 )γ
d
σ
(
1−
∣∣∣∣M+12J+12
∣∣∣∣2
)
P
(σ)
J+
1
2 ,M+
1
2
(t)
+γISCσ
(
(J +M + 1)P
(σ)
J+
1
2 ,M+
1
2
(t)
−(J +M)P (σ)J,M (t)
)
.
(9)
In this form it is clear that our local dephas-
ing+projection map causes a given collective subspace to
gain population from the subspace one spin larger, and
lose population to the subspace with one spin smaller.
There is also global dephasing at a rate of ∼ 1THz [35]
due to coupling to long wavelength phonon modes, but
because this only affects coherences between collective
states this does not enter into the rate equations.
We also need keep track of the number of atoms decay-
ing independently. The relevant quantity is the number
of independent spins in the excited state, which we denote
Nnc. This number is fed by the dephasing+projection
process acting on the collective subspace and depleted
by the single spin decay which includes the non-radiative
decay:
d
dtN
(σ)
nc = −(γ + γISCσ )N (σ)nc
+γdσ
∑N/2
J=1/2
∑J
M=−J
(
1− ∣∣MJ ∣∣2) 2JP (σ)J,M .
(10)
For a given domain size Nσ = 2J and spin σ, the
fluorescence rate is
FNσ (t) = γ
(
N
(σ)
nc (t) + Tr
[
Sˆ(σ)+Sˆ(σ)−ρˆ(σ)(t)
])
= γ
(
N
(σ)
nc (t)
+
∑N/2
J=1/2
∑J
M=−J(J(J + 1)−M(M + 1))
P
(σ)
J,M (t)
)
.
(11)
The total fluorescence is then obtained by a weighted
sum over spin ensembles and domain sizes therein
F (t) =
∑
Nσ
pNσFNσ (t). (12)
In order to solve this set of rate equations we write the
populations in each spin subspace as a vector ~v(σ)(t) with
(N2 + 3N)/2 entries, where N is the number of atoms
in described by the largest collective subspace. We then
create a matrix A(σ) describing the evolution of ~v(σ)(t)
so that
d
dt
~v(σ)(t) = A(σ)~v(σ)(t). (13)
As A(σ) is time-independent, Eq. (13) can be solved by
simple matrix exponentiation, with a computational re-
sourse cost of N6 for each time point. In practice, how-
ever, scaling is considerably worse for N > 50 because
we begin to exceed cache space on our CPU. This scal-
ing limits us to . 70 centres for a single simulation, or
. 50 when fitting a multidimensional parameter space.
These limits are more than adequate for almost all the
diamonds in our ensemble, with most showing collective
effects of N . 10.
Once we have this solution, the time-dependent flu-
orescence rate F (t) is easily obtained using Eq. (11)
as where Nnc(t) is the number of excited, noncollective
atoms which are undergoing normal exponential decay at
that time. This incoherent excited population is tracked
through numerical integration of the number of atoms
being projected out of the collective subspaces over time,
along with losses due to the optical and ISC decay rates.
This final theory lifetime curve is then convolved with
the experiment’s detector response function, which has
been determined to be 110ps based on a measurement
with a 5ps laser pulse.
We model the σ = 0 and σ = 1 populations sepa-
rately and add their fluorescence contributions indepen-
dently. We assume the ISC rates are the same as in
bulk diamond, and choose the optical decay rate γ by
fitting to the long term tail of the lifetime fluorescence
curve, when the collective effects have ended and only
the non-collective electromagnetic and ISC decay chan-
nels remain. For the intial state we assume equal popula-
tion in each of the M eigenstates of the largest collective
subspace.
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In order to fit this model to the experimentally mea-
sured lifetime curves we need to choose the number of
collective centres per domain. We assume that the do-
main sizes (i.e. the number of atoms acting collectively
in each domain) have a Gaussian distribution, with a
number N in largest domain. The other possible free pa-
rameters are the degree of m = 0 spin polarization given
by p0 as well as the dephasing rates γ
d
0 and γ
d
±1. When
performing the fits, however, these parameters remained
relatively constant across all the diamonds. Typically the
degree of spin polarization was ∼50% – 60%, in agree-
ment with [13, 14], and the dephasing rates ranged from
γd0 ∼ 2pi×20 MHz – 2pi×40 MHz and γd±1 ∼ 2pi×300 MHz
– 2pi × 450 MHz.
We fit parameters to dozens of NVs centres. For the
four representative diamonds we have chosen to profile
in the paper, (see Figure 2 in main manuscript), the fol-
lowing fit parameters were extracted:
Diamond N γd0/2pi γ
d
±1/2pi γ/2pi p0
NV 1 2 27 MHz 270 MHz 2.5 MHz 0.56
NV 2 7 20 MHz 260 MHz 4.8 MHz 0.51
NV 3 10 39 MHz 420 MHz 3.3 MHz 0.50
NV 4 50 20 MHz 450 MHz 7.9 MHz 0.50
The values of maximum domain size N and polariza-
tion p0 found to best fit the data were determined as
follows. We defined two sets S0 and S1 consisting of col-
lective domain sizes for spins with projection σ = 0 or
σ = 1. These sets were chosen with a variable maximum
domain size and other sizes symmetrically distributed
about that maximum value according to a probability
distribution fixed for all the diamonds. This means the
only two adjustable parameter were the maximum do-
main size in each set. The total number of spins in each
set are Nσtot =
∑
n∈Sσ n and the maximum domain size
is the largest element of both the sets S0 and S1. Be-
cause the samples were always somewhat polarized along
σ = 0, this maximum is N = maxS0. Given these sets of
possible domain sizes, the probability for a given domain
size Nσ is pNσ =
∑
n∈Sσ nδn,Nσ
N0tot+N1tot
, and the polarization is
calculated to be
p0 =
∑
n∈S0 n
N0tot +N1tot
. (14)
Our model for local dephasing is phenomenological. To
better understand the physical mechanism, consider the
effect of optical dipole-dipole interactions. For a pair of
NV centres, at positions ~r1 and ~r2, the individual spin
conserving dipole-dipole interaction is (see e.g. [36])
Hˆdd =
∑
σ1,σ2
Vdd(|eσ1 , gσ2〉〈gσ1 , eσ2 |+|gσ1 , eσ2〉〈eσ1 , gσ2 |)
(15)
where
Vdd =
3γb
4(nk0∆r)3
(dˆ1 · dˆ2 − 3(dˆ1 · nˆ)(dˆ2 · nˆ)). (16)
Here dˆj is the unit vector direction of the dipole j,
∆r = |~r1 − ~r2| is the separation, nˆ = (~r1 − ~r2)/∆r is
the unit vector separation between dipoles, b ≈ 0.03 is
the branching ratio to the ZPL [31], n = 2.4 is the in-
dex of refraction of the diamond crystal, γ is the optical
decay rate which we can take as γ/2pi = 5 MHz for the
present estimate, and k0 = 2pi/λ0 is the vacuum wavevec-
tor of the optical transition at wavelength λ0 = 639nm.
Substituting these values, the interaction strength is
Vdd = 2pi×8.56MHz×
(
10nm
∆r
)3
(dˆ1·dˆ2−3(dˆ1·nˆ)(dˆ2·nˆ)).
(17)
From the manufacturer provided numbers, the density
of NV centres in the nanodiamonds is ρNV = 10
24m−3,
which implies the mean separation between any pair is
∆r ≈ 12nm, meaning at this mean separation we expect
a maximum interaction strength of Vdd ≈ 2pi × 10MHz.
From the form of the dipole-dipole interaction Eq. (15),
it clearly preserves the number of excitations, but is not
permutation symmetric over a domain (and cannot be
except for a collective space of size two, or a symmet-
rically arranged configuration of size three). Hence the
interaction will act to couple collective states with dif-
ferent spin angular momentum J while preserving the
total excitation number M quantum number. Unlike our
model, Hˆdd can couple to both higher and lower J val-
ues but importantly it has a value which is no larger in
magnitude to our inferred local dephasing rates γ0d , even
after summing over dipole pairs at different separations
and angles for our domain sizes, implying that at least we
are not underestimating the effects of dipole-dipole inter-
actions. Our inferred dephasing rates γ±1d are an order of
magnitude larger. This is likely due to coupling to local
electric fields at each spin, which has a larger coupling
strength due to the significant excited state permanent
dipole moment for the ±1 states [10].
To compare our model to non-collective behaviour, we
attempted to fit the observed lifetimes with both a bi-
exponential and a deformed exponential lifetime curve
[17]. The fits using the bi-exponential model were con-
sistently worse than our model with the discrepancy in-
creasing as the collectivity increased. For the deformed
exponential we used a coefficient appropriate to dipole-
dipole coupling and a dimensionless coupling strength
parameter [17] consistent with the defect density of our
samples. This also resulted in poorer fits than our model
with ratio of least squares errors up to 40 times worse.
II. SECOND-ORDER COHERENCE
The normalized second order coherence function for
delay time t and for a ensemble with domain size Nσ is
g
(2)
Nσ
(t) =
〈Sˆ(σ)+(0)Sˆ(σ)+(t)Sˆ(σ)−(t)Sˆ(σ)−(0)〉
〈Sˆ(σ)+(0)Sˆ(σ)−(0)〉〈Sˆ(σ)+(t)Sˆ(σ)−(t)〉 . (18)
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The total observed second order coherence is the sum
g(2)(t) =
∑
σ
∑
Nσ
pNσg
(2)
Nσ
(t). (19)
If we assume all the population is initially in the largest
collective subspace, then immediately after the excitation
process is complete and before decay begins we have (here
J = Nσ/2)
Tr
[
Sˆ+Sˆ+Sˆ−Sˆ−ρˆN (0)
]
=
∑J
M=−J PJ,M (0)(J(J + 1)
−M(M − 1))× (J(J + 1)
−(M − 1)(M − 2)),
Tr
[
Sˆ+Sˆ−ρˆN (0)
]
=
∑J
M=−J PJ,M (0)(J(J + 1)
−M(M − 1)).
(20)
For zero delay, the result for g(2)(0) is clearly dependent
on the choice of initial state. In the extreme case where
the initial state consists of all spins up (corresponding
to all atoms in the collective subspace being excited), we
have P
(σ)
J,M = δJ,M , so that
g
(2)
Nσ
(0) = 2− 2
Nσ
. (21)
Thus, for large domain sizes, the second order coherence
function asymptotes to 2.
As described above, however, in our modelling we as-
sumed an initial state where all M eigenstates are equally
populated. That is,
P
(σ)
J,M (0) =
δJ,N/2
2J + 1
∀M ∈ {−J, . . . , J}. (22)
With this initial state we find
g
(2)
Nσ
(0) =
6(Nσ − 1)(Nσ + 3)
5Nσ(Nσ + 2)
, (23)
which asyptotes to g
(2)
Nσ
(0) = 1.2 as Nσ → ∞. For a set
of varying domain sizes Nσ with probability distribution
pNσ , and initial states given by Eq. (6), the second order
coherence is
g(2)(0) =
∑
σ
∑
Nσ
pNσ
6(Nσ − 1)(Nσ + 3)
5Nσ(Nσ + 2)
. (24)
The solid red line plot in Fig. 3e of the main text plots
g(2)(0) from Eq. (24). Since we are mainly interested in
the scaling with domain size, for simplicity we assume
a single spin ensemble pσ = δσ,0 and pN Gaussian dis-
tributed with mean N¯ given by the number of cooperative
NVs (abscissa coordinate) and variance N¯/2.
III. NV ENSEMBLE STATISTICS
As noted in the main manuscript, previous studies re-
ported a decrease in the lifetimes of NVs for centres pro-
duced via low-energy He-ion radiation, with the decay
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FIG. 5: The decay rate (reciprocal lifetime) for the 100 dia-
monds in the experimental ensemble as a function of diamond
diameter. There is a forbidden region (shaded) showing that
below a certain size, decays cannot be fast. This is consistent
with our model of collective decays, and inconsistent with a
model predicting that the fast decays arise from lattice de-
fects, as such a model is independent of size. Color coding
for nanodiamond diameter: red < 70nm, 70nm < green <
110nm, blue > 100nm
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FIG. 6: The decay rate for the 100 diamonds in the experi-
mental ensemble as a function of peak brightness during the
lifetime measurement. Brightness has been normalized to di-
amond volume to account for the fact that larger diamonds
have more emitters and are intrinsically brighter. The fact
faster diamonds are not less bright disagrees with a lattice
defect model (which predicts dark channel decay), and sup-
ports our collective decay model. Color coding for nanodia-
mond diameter: red < 70nm, 70nm < green < 110nm, blue
> 100nm
time decreasing for increasing ion doses. This effect has
been attributed to increased damage in the crystal lattice
which provided nonradiative decay paths with faster dy-
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namics [15, 16], suggesting that the shortening of the life-
times was due to nonradiative, ‘dark’ pathways. In order
to demonstrate that is not the relevant decay mechanism
in our experiment, and that the lifetime shortening in
our system is due to coherent collective effects, we took
the entire ensemble of 100 nanodiamonds and examined
the relationship between decay rates and size, brightness
and NV centre density.
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FIG. 7: The decay rate (reciprocal lifetime) for the 100 di-
amonds in the experimental ensemble as a function of the
density of NV centres in each nanodiamond. Densities were
determined by continuous fluorescence measurements. As the
quantum efficiencies of the system are unknown, the densities
are in arbitrary units, but their relative values are accurate.
The lack of fast diamonds at high centre densities is consis-
tent with our model of local dephasing arising from dipole-
dipole interactions destroying collective effects. Color coding
for nanodiamond diameter: red < 70nm, 70nm < green <
110nm, blue > 100nm
Figure 5 shows the relation between nanodiamond size
and the decay rate, with each point on the plot corre-
sponding to a single diamond in the ensemble. In order
to not rely on a specific model for the analysis of the de-
cay curves, we extracted the initial slope of the curve by
fitting an exponential decay of the form exp[−t/τ ] to the
first three nanoseconds of the lifetime curve, and then
defining the rate as 1/τ . The lifetime curves do not fol-
low standard exponential decay, especially for those with
strong collective effects, but this method does produce a
rate that reflects relative decay rates at short times.
The shaded region in the top left of Figure 5 contains
no experimental data points indicating that small nan-
odiamonds (<70nm in diameter) cannot be fast. This
is clearly inconsistent with hypothesis of crystal damage
to lattice causing the fast decays. If it were true, then
one would expect the decay speed up to be insensitive
to diamond size — the dark channels would be present
for small diamonds as well as large diamonds. The lack
of fast diamonds at small sizes is consistent with surface
effects. As diamonds get smaller, the surface to volume
ratio increases, and surface effects can break distinguisha-
bility, reducing the size of the collective domains. Thus
Figure 5 is consistent with superradiant decay due to col-
lective effect.
This is also confirmed by Figure 6, which shows decay
rate versus the peak fluorescence of the lifetime curve nor-
malized to diamond volume (accounting for the fact that
larger diamonds are intrisically brighter). The crystal
damage hypothesis would suggest that faster diamonds
should be less bright, since the acceleration of decay rate
is due to dark channels. Again, no such effect is seen. If
anything, a trend towards brighter diamonds being faster
is seen, which is consistent with our model of collectively
enhanced decay through a bright channel.
Finally we plot the decay rates versus NV centre den-
sity in Figure 7. The data suggests a trend that beyond a
certain NV centre density, no rapid decay occurs. This is
consistent with the idea that a high centre density leads
to larger local dephasing due to dipole-dipole interac-
tions.
